The major inverted repeat of 7319-5 base pairs is present at an internal site in the varicella-zoster virus genome and at one terminus. A DNA sequence of 7747 base pairs containing the repeat was determined and analysed. The G + C content of the repeat is not uniform, and is significantly higher than that of adjacent unique regions.
INTRODUCTION
The subfamily A lphaherpesvirinae includes herpes simplex virus type 1 (HSV-1) and varicellazoster virus (VZV) (Matthews, 1982) , the genomes of which have been shown to be related by molecular hybridization experiments (Davison & Wilkie, 1983 ). The following model for the genome structure of VZV was based on electron microscopy and restriction endonuclease analysis (Dumas et al., 1981; Ecker & Hyman, 1982; Straus et al., 1982) . The linear doublestranded DNA molecule consists of two covalently linked segments, L and S. L comprises a unique sequence (UL) of approx. 100000 bp and S a unique sequence (Us) of approx. 5000 bp flanked by a large inverted repeat (IRs/TRs) of approx. 7500 bp. Thus, the genome can be represented in outline as UL-IRs-Us-TRs. DNA extracted from virions contains equimolar proportions of two isomeric genome arrangements. Both isomers contain L in the same orientation but differ in the relative orientation of S, and are defined arbitrarily as the P (prototype) and Is (S inverted) arrangements. DNA sequences have been described recently for Us (5232 bp) (Davison, 1983) and the L-S joint and genome termini (Davison, 1984) . The latter report added in four ways to the model described above. First, an inverted repeat (IRL/TRL) of 88.5 bp flanking UL was identified, so that the genome is now represented more accurately as TRL-UL-IRt-IRs-Us-TR s. The genome structure of HSV-1 is similar, except that TRL/IRL is much larger, containing approx. 9000 bp (Wadsworth et al., 1975) . Second, the VZV genome was shown not to be terminally redundant, whereas that of HSV-1 has a sequence of approx. 400 bp present as a direct repeat at the termini and in inverse orientation at the L-S joint (Sheldrick & Berthelot, 1974; Davison & Wilkie, 1981) . Third, the VZV genome has an unpaired C residue at the 3' terminus of L and a complementary unpaired G residue at the 3' terminus of S, so that fusion of the termini would produce a sequence identical to that at the L-S joint. An unpaired complementary nucleotide at each 3' terminus of HSV-1 DNA has also been reported (Mocarski & Roizman, 1982) . Lastly, approx. 5% ofVZV DNA extracted from virions was shown to contain L in inverse orientation, adding two minor genome arrangements, IL (L inverted) and IsL (S and L inverted) to the two major ones described previously. In contrast, HSV-1 virions contain the four genome arrangements in equimolar proportions.
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The report presented here of the determination and analysis of the DNA sequence of IRs/TRs gives the first complete structural analysis of a large-scale inverted repeat in a herpesvirus genome, and extends our knowledge of VZV genome structure.
METHODS
Recombinant plasmids. Recombinant plasmids containing VZV SstI f, KpnI I or KpnI k were constructed by Davison & Scott (1983) and propagated in Escherichia cell DH1. Plasmid DNA was prepared as described previously (Davison & Wilkie, 1981) .
DNA sequencing. The DNA sequences of Sstlf(6795 bp) and Kpnl l (2841 bp) were derived respectively from approx. 70000 and 18000 nucleotides of data obtained using the M 13-dideoxynucleotide technology (Sanger et al., 1977 (Sanger et al., , 1980 . 95 ~ of each fragment was sequenced on both strands. Selected data from KpnI k were used to overlap the sequence of SstI f with that published previously for SstI g (Davison. 1983) .
Most M 13 clones were made by sonicating plasmid DNA and inserting random fragments (400 to 1500 bp) into the Sinai site of M 13 mp8 (Messing & Vieira, 1982) . Clones for sequencing were identified by hybridization of the appropriate nick-translated restriction fragment. Some clones were made by insertion of Sau3Al fragments from isolated SstIfinto the BamHI site of M13 rap8. Recombinant phage was isolated from infected E. coli JM101.
Data handling and analysis, DNA sequences were compiled and analysed using the programs of Staden (1982) modified by P. Taylor for a DEC PDP 11/44 computer operating under the RSX 11M system. Open reading frames were identified using the program of Blumenthal et al. (1982) . Codon usage was examined using the program of Staden & McLachlan (1982) . Sequence homologies were analysed using the matrix comparison program of PusteU & Kafatos (1982) .
RESULTS AND DISCUSSION
The arrangement of SstI and KpnI sites at the right end of the VZV genome is shown in Fig. 1 . The DNA sequence of 7747 bp shown in Fig. 2 extends from the KpnI i-l site to the IRs-Us junction. Therefore, it contains the sequence present at the L-S joint in the major genome arrangements. Nucleotide positions in the following discussion are given with respect to this sequence, and may apply to either strand as appropriate. As the majority of data was derived from SstIf, it was assumed that IRs is an exact inverted repeat of TRs. Formal proof of this is lacking, and would require complete sequencing of IRs and TRs derived from a single VZV DNA molecule. For example, a restriction fragment containing at least the entire S segment could be cloned, then IRs and TRs could be separated for sequencing by cleaving at a site in Us. The observed identity of the 2414 bp portion of the inverted repeat shared by KpnI I and SstIf does not prove that IRs and TRs are identical in this region, since the plasmids were derived from different VZV DNA molecules. However, sequence analysis of SstI g, which contains Us flanked by 426 bp of IR s (7322 to 7747) and 426 bp of TRs, has proved that IR s and TR s are identical in this region (Davison, 1983) .
The accuracy of a published DNA sequence depends upon the size and structure of the sequence and the quality and quantity of data obtained. In this context, four regions of the sequence proved particularly difficult to obtain because of the effects of local secondary structure. These were located at positions approximately 630, 900, 4460 and 6740. They were resolved by a combination of careful inspection of the autoradiographs together with further experiments in which deoxyribonucleoside triphosphates containing guanine were replaced in sequencing reactions by those containing inosine. Fig. 3 (a) shows that the sequence contains nine ATG-initiated open reading frames (ORFs) comprising more than 140 codons each. Three are considered likely to encode virus-specified proteins. These are located at 4548 to 619, 5996 to 6829 and 6980 to 7519, and would encode primary translation products with molecular weights of 140000 (140K), 30K and 20K respectively, assuming that translation starts at the first initiation codon in each ORF. These ORFs are followed at 561, 6841 and 7551, respectively, by a copy of the element AATAAA, which has been shown to be located near transcriptional polyadenylation sites (Fitzgerald & Shenk, 1981) . The AATAAA at 7596 has been discussed previously (Davison, 1983 The group of smaller ORFs near the 3' terminus of the 140K gene results from the higher G + C content of this region, as discussed below. Although these ORFs are considered less likely to encode proteins than the three described above, their location near the L-S joint is potentially important, l~xpression of a gene with part of its sequences at one end of UL and part in IRs/TRs would be dependent upon genome conformation, occurring from either the two major or the two minor genome arrangements, which differ in the orientation of L. Expression could also occur from circular or concatemeric intermediates generated from any of the four genome arrangements during DNA replication. It is possible to consider only genes that are expressed as protein, since genes expressed only as RNA would not contain an ORF and could not be predicted reliably from the sequence. Fig. 3(b) shows ORFs in the region of the L-S joint present in the minor genome arrangements. ORF A in the minor arrangements extends from IRs into UL and contains 224 codons, whereas the corresponding ORF in the major arrangements contains only 82 codons. ORF B (146 codons) is common to major and minor arrangements because the initiation codon is located in IRL/TRL. However, expression of this ORF could be controlled differently in the major and minor arrangements by sequences in the region of UL adjacent to IRL/TRL. Also, the three overlapping ORFs C, D and E (155, 293 and 265 codons respectively) could be controlled differently in the major and minor arrangements. These ORFs are followed by an AATAAA at 1793. Examination of codon usage in ORFs A to E, in comparison with the 500 codons of the 140K gene from 3300 to 1801, showed that the reading frames occupied by ORFs A, B and D were favoured marginally over the other two reading frames available at each location. However, this is not compelling evidence that any codes for protein, especially since ORFs overlapping the 140K gene might use atypical codons.
In conclusion, it is predicted that the sequence in Fig. 2 contains three genes encoding proteins with primary molecular weights of 140K, 30K and 20K. Confirmation of this, and resolution of the possibility that certain additional genes are expressed only from DNA molecules in specific conformations, must await the results of detailed transcript mapping experiments.
Herpesvirus genomes vary widely in G + C content, and repeated regions are significantly higher in G 4-C content than unique regions in the same genome (for review, see Honess & Watson, 1977) . The forces producing high G + C content at these two levels remain unidentified. A DNA sequence of 20298.5 bp, comprising a portion of UL (427-5 bp) linked to the entire S segment 09871 bp), may be obtained by combining the data in Fig. 2 . The sequence of the portion of UL in (b) has been reported previously (Davison, 1984) . ORFs containing more than 140 codons are shown as arrows in each of the three rightward and three leftward reading frames. The dotted arrow in (a) indicates the 82 codon ORF corresponding to ORF A in (b). All AATAAA elements in both strands are indicated as short vertical lines. Fig. 4 shows that repeated regions in the VZV genome are higher in G + C content than the unique regions so far sequenced. The G + C contents of Us and IRL + IRs are 42.8% and 59.1 ~ respectively. The G + C content of the portion Of UL is 43.3~, and that of KpnI i, which is adjacent in UL, is 46"2% (A. J. Davison, unpublished results). The complete VZV genome has a G + C content, based on equilibrium sedimentation experiments, of 46~ (Ludwig et al., 1972) . The G + C content is higher at one end of IRs than the other, and the decrease across the IRs-Us and TRs-Us junctions is less apparent than that across the UL--IRL junction. This is to be compared with the HSV-1 genome, in which the G + C content is constantly high in IRs/TRs and decreases markedly across the 1Rs-Us and TRs-Us junctions (Murchie & McGeoch, 1982) . There is a gradual decline in the G + C content of VZV IRs between the UL-IRL junction and the region encoding the amino terminus of the 140K gene. It is possible that the decline does not continue in the rest of the repeat, but this is difficult to judge in the presence of major perturbations in G + C content resulting from the A + T-rich (O) and G + C-rich (R) sequences discussed below. Also, it is apparent from Fig. 4 that the G 4-C content increases slightly across VZV Us. Table 1 compares the G 4-C contents and codon usage patterns of the seven genes in the S segment. Certain codon preferences are common to each gene, for example a tendency to use TTT rather than TTC for Phe, GTG rather than GTC for Val, AGC rather than AGT for Ser and CCA rather than CCT for Pro. However, G + C content has a marked effect on codon usage. Coding potential is conserved to some extent by differences in the G + C content of the degenerate third base position. For example, the 44K gene has 34~o G + C in the third position, whereas the 140K gene has 67~. However, differences in the G + C content of the first and second base positions are also present, especially in the former. For example, the 44K gene has 51 ~o and 42~ G + C in the first and second positions, respectively, whereas the 140K gene has 68~o and 57~o. Consequently, genes higher in G + C content encode proteins richer in amino acids specified by G + C-rich codons, such as Pro, Ala, Arg and Gly, at the expense of amino acids specified by A + T-rich codons, such as Phe, lie, Met, Tyr, Asn and Lys. These observations support the conclusion of Murchie & McGeoch (1982) that the forces producing high G + C content are acting directly on the DNA sequence rather than indirectly via protein-coding requirements. Indeed, the G + C content of the sequence coding for the carboxy terminus of the 140K gene is 12~ higher than that coding for the amino terminus, resulting in greater use of G + C residues in especially the first and third base positions of codons. The first, second and third base positions are 65~, 56~ and 61 ~o G + C, respectively, in the sequence encoding the amino-terminal half of the gene and 72~o, 58~o and 73~ G + C in that encoding the carboxy-terminal half. The balance of forces affecting G 4-C content differs between unique and repeat regions, and is apparently non-uniform in VZV IRs/TRs. A different balance may have driven the whole of HSV-I IRs/TR s to the maximum G + C content compatible with function. In the absence of forces maintaining the function of genetic content, HSV-1 IRs/TRs might show a non-uniform G + C content. the VZV 140K and 30K proteins are partially homologous to HSV-1 Vmw 175 and Vmw 68, respectively. The VZV 20K protein showed a lesser degree of homology to a 33K protein coded by a gene which was mapped in HSV-1 Us by Rixon & McGeoch (1984) . Thus, although VZV IRs contains three genes and HSV-1 IRs only one, HSV-1 Us contains homologues to the two additional VZV genes. This is probably a result of movement of the IRs-Us and TRs-U s junctions, and will be discussed separately (A. . It is not yet known whether any of the mRNAs in VZV IR s are spliced, and so it is not possible to predict confidently from the sequence where the 5' termini of these mRNAs map, but it is possible to predict the 3' termini. The HSV-1 Vmw 175 and Vmw 68 genes have been assigned to the immediate-early class because their transcription does not require cell protein synthesis (Clements et al., 1977; Jones et al., 1977) . The class of the VZV genes has not yet been determined. Sequences which confer immediate-early regulation upon the HSV-1 Vmw 175 and Vmw 68 genes are located in the intergenic region (Post et al., 1981) . This region in HSV-1 (and HSV-2) contains several copies of a conserved element (Mackem & Roizman, 1982; Whitton & Clements, 1984) which may function in coordinate induction of immediate-early genes (Preston et al., 1984) . The consensus of this element, TAATGARAT, is absent from the intergenic region of VZV, and the locations of closely related sequences are not equivalent to those in the intergenic regions of HSV-I and HSV-2. This indicates either that the 140K and 30K genes are not in the immediate-early class or that activation of immediate-early genes in VZV involves a different element. One of the functions of HSV-1 Vmw 175 is to stimulate expression of early and late classes of mRNA (Watson & Clements, 1980) . It is likely that the 140K protein shares this (Fig. 5) .
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